We have previously shown that the intracellular free Ca2+ increase induced by erythropoietin is likely related to differentiation rather than proliferation in human BFU-E-derived erythroblasts (1989 ( . Blood. 73:1188( -1194. Since cell differentiation involves transcription of specific regions of the genome, and since nuclear endonucleases responsible for single strand DNA breaks observed in cells undergoing differentiation are Ca2+ dependent, we investigated whether the erythropoietin-induced calcium signal is transmitted from cytosol to nucleus in this study. To elucidate subcellular Ga2+ gradients, the technique of optical sectioning microscopy was used. After determining the empirical three-dimensional point spread function of the video imaging system, contaminating light signals from optical planes above and below the focal plane of interest were removed by deconvolution using the nearest neighboring approach. Processed images did not reveal any discernible subcellular Ca2`gradients in unstimulated erythroblasts. By contrast, with erythropoietin stimulation, there was a two-to threefold higher Ca2+ concentration in the nucleus compared to the surrounding cytoplasm. We suggest that the rise in nuclear Ca2" may activate Ca2'-dependent endonucleases and initiate differentiation. The approach described here offers the opportunity to follow subcellular Ca2`changes in response to a wide range of stimuli, allowing new insights into the role of regional
Introduction
The intracellular free calcium concentration [Ca1] has been shown to be an intracellular signal for many hormones (1) and growth factors (2) . We have previously demonstrated that erythropoietin (Epo)' increased [Cal] in single early human 1 . Abbreviations used in this paper: CCD, charge coupled device; Epo, erythropoietin; IMDM, Iscove's modified Dulbecco's medium; NA, numerical aperture; PSF, point spread function; 3-D, three-dimensional; 2-D, two-dimensional. erythroid precursors (3) . Subsequent studies suggested that Epo-induced increase in [Ca,] may be related to promotion of cell differentiation rather than proliferation since Epo-induced elevations in [Cai] were observed in later erythroid precursors but not in early precursors (4, 5) .
The molecular mechanisms by which growth factors initiate the cascade of transmembranous and intracellular events leading to gene transcription are as yet poorly understood. Since cell differentiation ultimately involves transcription of selected regions of the genome, it is important to investigate whether the Ca2" signal observed in human erythroid precursors stimulated with Epo is transmitted to the nucleus. There are several known intranuclear enzymes that are sensitive to Ca2" or calmodulin in vitro (6) (7) (8) . Demonstration of nuclear Ca2" signaling by growth factors will help focus on the physiologic relevance ofCa2"-sensitive intranuclear enzymes on gene transcription.
In the present study, nuclear free Ca2" concentration [Can] in day 10 single BFU-E-derived erythroblasts was measured with optical sectioning microscopy (9) . There were no significant Ca2+ gradients between the cytosolic and nuclear compartments in unstimulated human erythroblasts. By contrast,
[CanJ was two-to threefold higher than cytosolic free Ca2c oncentration [CaJ in Epo-stimulated cells. Our observation suggests that increases in nuclear Ca2+ may play an important role in gene transcription and cell differentiation.
Methods
Measurement ofempirical three-dimensional point spreadfunction of fluorescence microscopy coupled digital video imaging system. The description and assembly of the various components (listed in legend to Fig. 1 ) ofour fluorescence microscopy coupled digital video imaging system have been detailed previously (3, 4, 10) . In particular, under our experimental conditions used for measuring fluorescence of intracellular fura-2, the intensified charge coupled device (CCD) video camera was always operating in the linear response region (10) . In the current study, the only modification to the imaging system was the attachment ofa high resolution stepper motor (Unidex 1-A; Aerotech, Pittsburgh, PA) to the fine focus adjustment knob of the Zeiss IM 35 inverted microscope.
To reconstruct three-dimensional (3-D) cell image from a stack of two-dimensional (2-D) images, each at slightly different focal planes, it is necessary to have accurate knowledge of the 3-D point spread function (PSF) of the imaging system so that out-of-focus information can be removed-from each plane. Since it is difficult to theoretically derive the 3-D PSF of the composite imaging system (objective, microscope relay optics, intensified CCD video camera, digitizing/display board, and high resolution analog monitor), we have chosen to determine the 3-D PSF empirically. An illuminated 0.2 Mm fluoresbrite-fluorescent monodisperse carboxylated microsphere (excitation 468 nm, emission 532 nm; Polysciences, Inc., Warrington, PA) served as the point source. Since the size of the bead is much smaller than the system resolution limit (1.0 Mm; reference 10), it effectively behaves as a point object. Digitized images of the fluorescent bead were obtained at 31 focal planes, each differing by 0. 25 Am in the z-axis (Fig. 1) . In all experiments, planes were serially digitized by stepwise movement of the objective, and hence focal plane, in the upward direction in order to minimize effects of hysteresis in the focusing mechanism. The empirical PSFs derived from different beads were similar, i.e., images at a given section above or below the most in-focus plane have the same configuration. This observation suggests that the precision of the stepper motor-focussing mechanism is adequate for the present work.
Measurement ofintracellular calcium changes in erythroid precursors in response to growth factors. BFU-Es were partially purified from adult peripheral blood and cultured in 0.9% methylcellulose media as described previously (4) . BFU-E derived erythroblasts were removed from culture on day 10 and -100 colonies were plucked individually. The cells were pooled, labeled with plateau concentrations of antihuman #2-microglobulin which recognizes nucleated cells, and bound to anti-mouse immunoglobulin-coated glass coverslips (3, 4 (4) 42±4 61±4
Values are means±SE; numbers in parentheses are numbers of observations. Fura-2 loaded day 10 BFU-E-derived erythroblasts incubated in PBS with Ca2+ (0.7 mM) were exposed to recombinant erythropoietin (EPO, 2 U/ml), granulocyte-macrophage colony-stimulating factor (GM-CSF, 25 ng/ml), insulin (25 mU/ml), or Iscove's modified Dulbecco's medium (IMDM; carrier for EPO, GM-CSF and insulin). Doses of growth factors were chosen to achieve maximal [Caji response in BFU-E-derived erythroblasts as determined previously (3, 4 (4) where C, and C2 are empirical constants used to balance out the relative contributions of focal plane and adjacent planes. Eq. 4 states that only three sectional planes together with the empirical 3-D PSF are required to restore the in-focus image. Gruenbaum et al. (14) have successfully applied this technique to elucidate the spatial organization of the Drosophila nucleus. (15) to remove in-focus point spread. The constant for the Wiener filter corresponds to the empirical signal-to-noise ratio of our composite digital video imaging system and was determined by measuring the standard deviation of pixel intensity values of uniform intensity images of free fura-2 solution ( 16). Following inverse Fourier transform, the restored, in-focus and ratioed (350 nm/380 nm) images were then processed with a 5 X 5 matrix mean filter to limit x-y resolution to 1 Mm (system resolution limit; reference 10) as well as reduce spatial noise and enhance visual presentation. The final processed images were displayed on high resolution RGB monitor (Sony PVM 127 IQ), using a pseudocolor (rainbow pattern) code such that red represented the lowest and purple the highest pixel intensity. Pictures of processed images were taken with a conventional 35 mm SLR camera (Topcon RE super) on Kodak color film (ASA 100).
Calibration offura-2 signals. The fluorescence intensity ratio R, obtained by division of background subtracted fura-2 emission (505 Fig. 1 shows the empirical 3-D PSF of our composite video imaging system, using Zeiss Neofluar 63X/1.25 NA oil immersion objective. Plane 13 (PSF 013, Fig. 1 ) is the in-focus image of the point source. Planar images with numbers less than 13 represent images above the focal plane:the lower the number, the higher above the focal plane. Conversely, planar images with numbers higher than 13 are images obtained below the focal plane:the higher the number, the further the distance below the focal plane. Analysis of the point images shows that the images are in the forms of a series -of Airy rings that are asymmetrical about the focal plane. Close inspection of the Airy rings indicates that they are also not circularly symmetric. Asymmetry of Airy rings was observed despite imaging different beads, suggesting that our optical system does not exhibit the ideal behavior predicted by diffraction optic theories (20) . The nonideal behavior of a microscope video imaging system has been reported previously (21) . As demonstrated by Hiraoka et al. (21) , the asymmetry of the images above and below the focal plane could be corrected by increasing or decreasing the refractive index of the immersion oil (ND 1.515 (22) .
From the 2-D PSF images obtained at different focal planes, the corresponding 2-D CTFs were calculated by 2-D Fourier transformation. These were stored in the VAX 1 1/780 computer system and used in deconvolution operations.
Image intensity of the point source decreased as one traverses above and below the focal plane (Fig. 2) (Fig. 1 ) and projected on P, which was itself convolved with the in-focus PSF. The resultant composite image is shown in Fig. 3 A and represents the "raw, unprocessed image" of P contaminated by light emitting' from adjacent planes. Application of nearest neighboring approach deconvolution algorithm (Methods) to the unprocessed image resulted in significant improvement in restoration of the image of point source P (Fig. 3 B) . A distortion index, defined by the ratio of number of pixels with positive, non-zero values in the image to the number of pixels occupied by the theoretical point source, is used to quantitate the effectiveness of our deconvolution algorithm. The lower'the distortion index, the better is the deconvolution algorithm; 1.0 being the perfect score. The distortion index of the unprocessed image (Fig. 3 A) is 90.3 which improves to 9.3 with nearest neighboring approach deconvolution (Fig. 3 B) . To evaluate the numerical accuracy of [Ca] estimates obtained by the nearest neighboring approach deconvolution algorithm, a model cell having two homogeneous compartments (nucleus and cytoplasm) with sharply defined boundaries and spherical symmetry was used to simulate the human erythroblast (Table II) . Image formation by the composite video imaging system (mathematically by convolving the model cell with the empirical 3-D PSF) resulted in smearing of fluorescence across boundaries between adjacent compartments. Thus nuclear fluorescence spreads into the cytoplasm and cytosolic fluorescence spreads into the nucleus as well as beyond the cell boundary in both 350 and 380 nm images ofthe model cell. In addition, the pixel intensities in a given planar image are much higher than the corresponding ones in the model cell at the same plane, reflecting contributions of contaminating light signals arising from out-of-focus planes. Thus estimates of fluorescence intensities in single wavelength excitation (350 nm or 380 nm) images are gross overestimates (Table II) . Processing the "raw" 350 and 380 nm images with nearest neighboring approach deconvolution algorithm resulted in nearly 19-fold reduction in errors in the estimation of fluorescence intensities in single wavelength excitation images (Table II) . In addition, the boundaries between adjacent compartments are more sharply demarcated in the processed images as evidenced by the reduction of noise outside the boundary of the model cell.
Since [Ca] estimates are usually derived from ratiometric (350 nm/380 nm) but not single excitation wavelength images, we calculated the errors in fluorescence intensities estimated from the raw ratiometric image, i.e., unprocessed 350 nm image divided by unprocessed 380 nm image, taken at the plane at cell center. As indicated in Table II , errors in fluorescence intensities measurements (and hence [Ca] estimates) from raw ratiometric images are quite small, although the boundaries between adjacent compartments are blurred and not sharply defined. The small errors in fluorescence intensities estimates from raw ratiometric image is due to the fact that the magnitudes of the contaminating light signals from adjacent planes are similar between the raw 350-and 380-nm images (Table II) . Thus for our special case ofa model cell with two homogeneous compartments, the raw ratiometric image taken at cell center plane gives a fairly accurate [Ca] estimate of the whole cell (3, 4) . We wish to emphasize that this conclusion is not valid if heterogeneity exists in [Ca] either in the nuclear or cytosolic compartments or both, or if the plane of the image is not at cell center but rather at the boundary between nucleus and cytoplasm (e.g., at top or bottom of the cell). The processed ratiometric image gives slightly better [Ca] estimates (1.5-to 2-fold reduction in error) in cytosol as well as the whole cell (Table II) . More importantly, the boundaries between adjacent compartments are more sharply defined in the processed ratiometric image. Fig. 4 , A, C, and E show the unprocessed 350 nm, 380 nm (excitation) and ratioed (350/380) images, respectively, of an erythropoietin-treated human erythroblast taken at cell center. It can be appreciated that the fluorescent cell images appear blurred and fine detail is lost. To remove contaminating light originating from above and below the focal plane, the observed images were subjected to the deconvolution operation using the nearest neighboring approach. Fig. 4 , B, D, and F show the corresponding processed 350-, 380-nm, and ratioed images. Compared with their unprocessed counterparts, the processed images show a marked improvement in image sharpness and detail.
3-D intracellular Ca2" gradients. Fig. 4, A, B , C, and D show that fura-2 fluorescence signals are generally higher in the nucleus than the surrounding cytoplasm. This may be due to higher [Ca] in the nuclear region, higher free fura-2 concentration in the nucleus, or less efficient hydrolysis of fura-2 acetoxymethyl ester in the cytoplasm resulting in generation of Ca2"-insensitive fura-2 forms (18). The processed ratioed image (Fig. 4 F ) suggests that nuclear [Cal may indeed by higher than cytoplasmic [Ca] (red rim in Fig. 4 F) since the ratioed image is independent of free fura-2 concentrations (3, 4, 10, 17) but reflects free Ca2+ concentrations. To investigate this aspect further, we optically sectioned from the top of the cell to its center. We reasoned that the sections at the top capture more of the cytoplasmic domain, whereas sections at cell center include most of the nuclear region. This is consistent with light microscopic images of day 10 BFU-E derived human erythroblasts (Fig. 5). Fig. 6, A, B , and C show the processed, ratioed images ofan erythropoietin-treated cell at 4, 3, and 2 ,m above the center plane, whereas Fig. 6 D shows factually higher nuclear [Ca] , this is unlikely since the dynamic range of intracellular fura-2 was similar to that in free solution, suggesting insignificant amounts of intracellular Ca2+-insensitive fura-2 forms (4). To totally eliminate this possibility, we subjected fura-2 loaded cells to ionomycin treatment in the presence of 4 mM EGTA (Rmin) or 4 mM CaCl2 (R.) (3, 4, 10) . If the nuclear to cytoplasmic [Ca] gradient is an artifact arising from incomplete fura-2 acetoxymethyl ester hydrolysis in the cytosol, the "gradient" should persist under Rmax or Rmin conditions. Optically sectioned, processed and ratioed images of erythroblasts taken under Rm. and Rmin conditions demonstrated that the nuclear to cytoplasmic [Ca] gradient was completely abolished (data not shown). These observations indicate that the nuclear [Ca] gradient cannot be accounted for by incomplete ester hydrolysis.
In contrast to erythropoietin-treated cells (Fig. 6 F ) , unstimulated human BFU-E-derived erythroblasts did not demonstrate any appreciable nuclear to cytoplasmic [Ca] gradient (Fig. 6 E) . The apparent lack of a nuclear [Ca] gradient in resting cells may be a true phenomenon or may be due to the relatively low intracellular free Ca2+ concentrations (40-50 nM) in unstimulated cells (Table I ; references 3, 4). It is difficult to detect very small regional [Ca] differences in single cells using digital video imaging of fura-2 fluorescence. For example, a change of 10 nM free Ca2' would only result in a shift of fluorescence intensity ratio (R) of fura-2 solutions by 0.075 (10) . Thus at present, we cannot exclude the possibility that a 10-20-nM difference in free Ca2" concentrations exists between nuclear and cytosolic compartments in resting cells.
Likewise, the small increase in [CaJ] over baseline values in response to GM-CSF stimulation (Table I ) makes detection of spatial Ca2+ gradients difficult in GM-CSF-stimulated cells using present techniques. In any event, the effects of GM-CSF on nuclear-cytosolic Ca2' distribution, if any, must be quite modest when compared to those of Epo. Intracellular Ca2' values derived from unprocessed ratiometric images at the most in-focus plane (3, 4) were quite close to those obtained from processed images at the same plane (433±58 vs. 434±24 nM), at least in the four cells examined in detail by optical sectioning microscopy. The similarity in whole cell [Ca] values between unprocessed and processed ratiometric images at cell center plane is consistent with predictions by our model cell with two compartments, each ofwhich contains homogeneous [Ca] values (Table II) . This fortuitous agreement does not detract from the merits of optical sectioning microscopy in that nuclear-to-cytosolic Ca2+ gradients (3, 4, 10) . The presence of discrete intracellular Ca2" compartments (endoplasmic reticulum, mitochondria) with Ca2+ buffering capability (26) , as well as the gel-like characteristics ofthe cytoplasm (27) which limits diffusion of ions (28) , suggest that ionic gradients may exist within the cell. Such regional ionic gradients cannot be resolved by cell suspension measurements, but are essential to the understanding of subcellular mechanisms of hormone and growth factor action. The introduction of fura-2 (fluorescent Ca2+ indicator with high quantum yield; reference 17), the recent availability of high resolution, solidstate video cameras and electronic hardware for digitizing and storage of individual video frames, and the relative low cost but high speed personal computers, make possible the study of subcellular Ca2" profiles in real time. Indeed, recent reports have demonstrated the feasibility of measuring spatial Ca2" gradients in single cells using this approach (23) (24) (25) .
Perhaps the most important factor for 3-D imaging lies in the selection and proper usw of objective lens. The PSF of a lens is a function of both magnification and numerical aperture (NA). In order to reduce the point spread and thereby increase the lateral (x-y) resolution, the use of a high NA lens is preferred. In addition, at low light level emissions characteristic of fluorescence microscopy, the use of a high NA lens has the additional advantage of high light gathering power. High NA objectives with minimal autofluorescence at the working range are especially suited for fluorescence microscopy applications.
The second important factor in data collection is the quantitation of spatial image data. This relates to the selection of a sensitive detector that is used for quantitative measurement of fluorescence emitted by Ca2"-sensitive fluorescent probes in the specimen. We (10) and others (21, 25) have shown that the high resolution (380 pixels X 488 lines), large dynamic range (> 1,000:1), photometric linearity, reasonable signal-to-noise ratio (> 50 db) and lack of image lag and geometric distortion ofa CCD video camera makes it preferable as an imaging device than the more commonly used intensified silicon intensifier target (ISIT) video cameras (23, 29 Figure 6 . Subcellular calcium gradients in human erythroblasts. A-C The processed ratioed images of an erythropoietin-stimulated erythroblast at 4, 3, and 2 grm above the center plane, while D shows the processed ratioed image at the center plane. As one traverses from the top to the center of the cell, one encounters less and less of cytosolic area and more and more nuclear region. The difference in free Ca2" concentrations between these two compartments is indicated by the color scale bar that was derived from in vitro calibration of fura-2 fluorescence (Methods and reference 10) . (E and F) The processed ratioed images of the same cell before and after erythropoietin stimulation. Both images were taken at the center plane of the cell.
To collect optical section data taken at different focal planes throughout the specimen, it is very important that the exact spacing between adjacent images be accurately and reproducibly controlled. The attachment of a high resolution, computer-controlled stepper motor directly to the fine focusing knob ofthe microscope is thus desirable in optical sectioning microscopy. With our programmable motion controller system interfaced with IBM PC/AT personal computer through RS-232, the stepper motor assembly has a theoretical resolution of 25 nm along the optical axis of the microscope that is more than sufficient in our current applications (250 nm steps).
The choice of deconvolution algorithms (9, 25) to reconstruct 3-D spatial Ca2+ profiles from a stack of 2-D images depends on several factors. These include desired spatial and temporal resolution, reduction of duration of light exposure to minimize photobleaching of the fluorescent probe (19) , and finally, availability of computer time. In theory, the full matrix linear filtering approach (9), the constrained-iterative method (9) , and the iterative algorithm utilizing non-negativity con-
1806
Yelamarty, Miller, Scaduto, Yu, Tillotson, and Cheung A.
E.
straints and based on regularization theory (25) , all of which involve simultaneous manipulation of many sets of data derived from the stack of optical sections, are inherently more accurate and give better spatial resolution than the nearest neighboring approach used in this study. The desire for more detailed spatial information must, however, be balanced by the requirement of temporal resolution of the experimental system as well as the complexity of the computational task. It takes a finite amount of time to capture a sequence of video frames, accumulate multiple video frames into a buffer frame to improve signal-to-noise ratio, transfer the accumulated buffer frame from video board memory to system RAM memory, and slew the stepper motor to the next desired focal plane. Even with our capability to capture alternating 350-and 380-nm frames at video rate (33.3 ms/wavelength change, [10] ), it still takes -8-10 s to acquire a paired set of 350-and 380-nm buffer frames at one focal plane and to move the objective to the next focal plane. Most ofthe time spent in data acquisition is incurred during software-directed accumulation of multiple frames into a buffer frame. Since the nearest neighboring approach requires data from only three focal planes, the temporal resolution of our current system is 30 s. This is a significant improvement in temporal resolution over'the other more complex deconvolution schemes, which require 10 to 15 sets of data. In addition, nearest neighboring approach has the added advantage in that the computational task is also much less demanding. The faster temporal resolution is especially desirable in tracking relatively rapid hormonally induced Ca2" transients that usually last only minutes (30). In such situations, the fast biologic response time precludes acquisition of 10-15 sets of data required of the more complex -deconvolution algorithms. The nearest neighboring approach allows one to obtain approximate solutions to spatial Ca2" gradients at one given plane (presumably the most in-focus or most interesting plane) at a relatively rapid sampling rate (30 s). In the current study involving human BFU-E derived erythroblasts, erythropoietin-induced Ca2" changes reached steady state after 9-10 min and persisted for many minutes after steady state (3, 4) . This fact allowed uts time to obtain 12-14 different sections ofthe cell for 3-D image reconstruction (Fig. 6) . Thus, the sole advantage of nearest neighboring approach used in this study is simplification of computational task. We recognize that the nearest neighboring approach is only an approximate method for deconvolution and that subcellular Ca2`gradients induced by erythropoietin represent steady-state changes rather than rapid Ca2" transients. In future, the temporal resolution of our imaging system can be improved by reconfiguring the video digitizing/display board such that the frame accumulation process is a hardware feature rather than software-directed.
In single mammalian central nervous system cells, Connor (24) has used an unintensified CCD camera successfully to detect spatial Ca2+ gradients in active growth zones. In contrast to the present study, optical sectioning and subsequent deconvolution were not performed and fine spatial details of subcellular Ca2`gradients may not be as clearly revealed. In another study of isolated rat cardiac myocytes, Wier et al. (29) did not detect any subcellular heterogeneity in intracellular free Ca2 . While this conclusion is valid from the data presented, small regions of higher Ca2' (e.g., sarcoplasmic reticulum) (23) may be masked since contaminating light from adjacent'planes was not removed by deconvolution. The first study that introduced the concept of deconvolution in the study of subcellular Ca2' gradients is that by Williams et al. (23) . By modeling smooth muscle cells from toad stomach as a perfect cylinder, and knowing the empirical PSF of their imaging system, Williams et al. theoretically calculated what the "true" object should look like from the observed image at one focal plane (23) . This modeling effort allowed these authors to conclude that free Ca2+ concentrations in the nucleus and sarcoplasmic reticulum were higher than that in the surrounding cytoplasm.
While this simple yet elegant approach is useful in many cell types with well-defined geometry, it is not applicable to all cells. Our study is, to our knowledge, the first to apply optical sectioning microscopy and deconvolution in the study of subcellular Ca2+ profiles. The strategy employed can be applied to all cell types, including cells with varied morphological features not easily modeled by simple geometric patterns.
The major finding in this study is that with erythropoietin stimulation, nuclear Ca2+ was two-to threefold higher than cytoplasmic Ca2+. The existence of a nuclear to cytosolic Ca?+ gradient implies that the nuclear envelope is capable of regulating nuclear Ca2+, as first suggested by Williams et al. (23) .
Despite the existence of nuclear pores as demonstrated by ultrastructural studies, the pores are not patent but filled with electron-dense material arranged in an orderly manner (31) . In addition, protein transport systems have been demonstrated in the nuclear membrane (32, 33) . In particular, a CaATPase has been reported to exist in nuclear membranes (34) . More recently, an ATP-dependent Ca2+ sequestration system has been identified in isolated rat liver nuclei (35). This nuclear Ca2+ transport system operates at submicromolar Ca2+ levels and is distinct from those present in mitochondrial or endoplasmic reticular membranes (35). These observations as well as ours, when taken together, support the notion that Ca2+ permeability barriers and Ca2+ transport systems exist in the nuclear membrane.
Our observation that nuclear free Ca2+ is higher than that in surrounding cytoplasm in erythropoietin-stimulated erythroblasts brings focus to the role of intranuclear Ca2+/calmodulin-sensitive enzymes (6) (7) (8) (38) . In intact isolated rat nuclei, a constitutive endonuclease was activated at submicromolar con-centration of Ca2+ with half-maximal activity at 200 nM (39) . This level of intranuclear free Ca2+ was certainly achievable in Epo-stimulated erythroblasts. Our current observation, together with evidence cited above, raises the intriguing speculation that with erythropoietin stimulation, cytosolic and intranuclear Ca2' increase, Ca2+, Mg2+-dependent endonuclease is activated, chromosomal DNA breakage occurs which then in an as yet unknown manner, commits the cell to terminal differentiation.
In summary, we have demonstrated by optical sectioning microscopy that erythropoietin induces a nuclear to cytosolic Ca2+ gradient in BFU-E derived human erythroblasts. We postulate that the increase in nuclear Ca2+ is related to committing the cell to terminal differentiation, possibly by activating nuclear Ca2+, Mg2+-dependent endonucleases.
